Abstract-With the progress of solar sail interplanetary travel in the last two decades, various concepts and technologies have been developed. To that end, two means of sailing, Solar Sail and Electric Sail, will be discussed.
. Specific E-Sail configuration for 100 -1000 kg payload adapted from references [3] [4] [5] [6] [7] [8] [9] characteristic acceleration : achar =0. Solar sailing using solar radiation pressure and solar wind has been proposed and introduced as attractive means for future space propulsion and perhaps the most cost effective alternatives for future space travel. The main advantage of solar sail is the fact that it generates thrust without requiring any propellant. Although the resulting acceleration is small, the continuous thrust would lead to high speeds [1] .
The concept behind solar sailing in the sense of sailing using solar radiation pressure is utilizing the vanishingly small momentum of solar photons in space. This can be compared to sail boats that use earth wind vessels to achieve high velocities using sun light as propulsion. So far the only successfully deployed solar sail has been the IKAROS Project carried out by JAXA which achieved a successful flyby to Venus in 2010 [2] , as depicted in Fig. 1 . This is an example of a conventional Flat Solar Sail (FSS) which uses a simple extremely large flat surface to reflect and utilize the momentum of solar photons. This means that the entire surface is generating thrust which should be accompanied by thrust vectoring for the attitude dynamics and control of the spacecraft. Also exhibited in Fig. 1 , is the Flat Solar Sail [3] onground verification at DLR premises.
The electric solar wind sail (E-sail) is a space propulsion concept that uses the natural solar wind dynamic pressure for producing spacecraft thrust [3] [4] . While a conventional Flat Solar Sail uses the reflection of solar radiation pressure to Fig 1. (left) IKAROS space probe in flight (arti Fig. 2 : A full-scale electric sail which contai conducting tethers (wires) and a solar-powered el keep the spacecraft and the wires in a high positive accelerate through space, an Electr (E-Sail for short) utilizes the electrically charged particles in th create thrust force by creating through a series of long conductiv exhibits a traditional design of an focus of the current work is performance of these two types of a case study. This case study is proposed sail crafts elaborated specific missions. This paper will c crafts through specific missi characteristic acceleration generat craft. Table 1 , indicates a group o were designed during 1980s for the [1] which are utilized in the pres convenience of the availability of re sail crafts were designed by d specifically for the purpose of ma was canceled in 1980s. Table 2 , co applicable proposed E-Sails that ar two groups based on their character Mass budgets of E-sails of various for different scientific payload mass and tabulated in [4] [5] .
For example, to yield characteristic st's conception); (right) On-ground verification of a conventional so ins a number of long thin lectron gun which is used to potential. [4] .
ric solar wind sail momentum of he solar winds to an electric field ve tethers. Fig. 2 n E-Sail [4] . The to compare the sail crafts through based on several by scientists for compare these sail ions using the ted by each sail of solar sails that Mars race in 1992 sent study for the elevant data. These different institutes ars mission which ontains a group of re categorized into ristic acceleration. s thrust levels and ses were estimated acceleration (E-sail thrust divided by total AU distance from the sun in av mm/s 2 , the spacecraft total mas kg (Including 20% margin) formed by the E-sail propulsio 44 tethers of 15.3 km length Earth's magnetosphere, the propulsive thrust almost eve system. The only restriction direction cannot be changed by that inside giant planet m considerations are needed. magnitude decays as ~ 1/r distance. Notice that the E-sai than photonic sail and solar ele because the latter ones decay the fact that while the solar w decays as 1/r 2 , the effective proportional to the electron she the tethers which scales sim Debye length which in the so Since the E-sail thrust is to dynamic pressure and the effec as 1/r. The obtainable perfo acceleration) depends the propulsion system forms the sp olar sail, end of 1999, at DLR site in Cologne [5] l spacecraft mass at 1 verage solar wind) of 1 ss was found to be 391 of which 143 kg is on system consisting of h each [4] . Outside of E-sail can provide erywhere in the solar ns are that the thrust y more than ~±_30 o and magnetospheres special
The E-sail thrust where r is the solar il thrust decays slower ectric propulsion thrust as 1/r 2 . This is due to wind dynamic pressure e area of the sail is eath width surrounding milarly to the plasma lar wind scales as ~ r. o the product of the ctive sail area, it scales ormance (characteristic fraction the E-sail pacecraft total mass. There is also a practical upper limit of E-sail size beyond which complexity would increase and performance would drop.
At present level of technology this soft limit is likely to be ~ 1 N thrust at 1 -AU solar distance. It should be noted that as far as orbital dynamics is concerned, the only parameter affecting the result is the characteristic acceleration generated by the sail spacecraft which means that the E-sails in the same category would have identical performance due to their common characteristic acceleration. The first part of the paper will compare the performance of FSS and SPT (Solar Photon Thruster) for a simple Mars mission logarithmic orbit. In the second part of the present work, comparison will be made on how selected technologies being developed recently may perform in reaching the space travel objectives. Changes in orbital dynamics of the sail craft will be discussed in four cases. The first case takes a look at the changes in semi-major axis in a sun-centered orbit with an initial semi-major of 1.25 AU starting from earth's orbit; the second case analyzes the modifications of eccentricity with the same conditions as the first case. The third case takes a look at changes in the inclination angle of the orbit in an earth-centered orbit and finally the final case compares the escape trajectories of these proposed sail crafts in an earth-centered orbit starting at a circular geostationary orbit.
II. ORBITAL DYNAMICS OF FSS
The analysis carried out in the following sections will be based on fundamental orbital dynamics as can be found in McInnes [1] , Guerman et al [6] , Dachwald [7] [8] [9] , and others [10] [11] [12] . Since solar sails utilize a low thrust propulsion system, their orbital dynamics are similar to a conventional spacecraft using electric propulsion system. In the present development, the heliocentric inertial spherical polar coordinate system is exhibited in Fig. 3 . The main difference is that an electric propulsion spacecraft may orient its thrust vectors while a solar sail orientation is based on two angles. Sail clock angle δ and the sail cone angle α (Fig. 4) .
Cone angle α is defined to be the angle between the sail normal and the sun-line while clock angle δ is defined to be the angle between projection of the sail and some reference direction onto a plane normal to the sun-line. Solar radiation force acting on a solar sail can be calculated as follows (see Fig. 5 
where r e and r e ′ are the unit vectors along the sunline and its reflection respectively, then the total radiation force for a perfectly reflecting solar sail would be 2 2 2 ( . ) 2
Since solar radiation pressure has an inverse square variation with radius, (4) can be rewritten as
where eff P is solar radiation pressure for a perfectly reflecting solar sail at 1 AU distance from the sun which is 
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Here β is called the sail loading parameter also known as lightness number which is a dimensionless constant described as the ratio of solar radiation acceleration to solar gravitational acceleration.
III. ORBITAL DYNAMICS OF SPT
As seen in (5), thrust force generated by a Flat Solar Sail is reduced by the cosine squared of sail cone angle. Moreover since it is the transverse component of force tangent to the solar sail orbit which does useful work, only 38% of the available solar radiation pressure force is of use when the sail orientation is optimized [1] . However it can be seen that by having a large parabolic reflective surface for the purpose of collecting solar radiation (Collector) and a smaller flat reflective surface for the purpose of directing the radiation and therefore generating thrust (Controller) , significant optimizations can be made over the conventional FSS. This device is called Solar Photon Thruster, first coined by Robert Forward [13] . Two design cases will be considered. The first case is simple SPT with two reflecting surfaces: the parabolic collector and the controller, as shown in Fig  6 and discussed by Guerman et al [6] . The second case is a more complex SPT elaborated by McInnes [1] , which consists of a parabolic collector, a collimating mirror and the controller, as shown in shown in Fig. 7 , the incoming solar radiation is directed toward the collimating mirror, which will create a uniform beam of radiation director towards the controller. It can be seen that even for a more complicated optical path such as the second case, the reaction forces still cancel each other and therefore the summation of the resultant forces would be identical to the first case which is the summation of i f and r f . Asuming that the surfaces are perfectly reflective and the collector has an area of A , the radiation forces for the entire surface are as follows:
where i F and re F are the total incident and reaction forces acting on the solar sail, P is the radiation pressure, i u is the unit vector directed along the sunline and r u is the unit vector directed along the path of photon beams leaving the solar sail. Based on (3), the total force exerted on the SPT would be:
PA n u n (10) which could be rewritten as
The direction of the thrust force between these two cases are different; however the magnitude of the thrust force would be the same. It can be seen that the magnitude of the force acting on the SPT varies with cos α, while for the FSS cos 2 α. Fig. 8 compares the normalized force acting on a solar sail with an area of 100 m 2 at one earth distance from sun. 
The transverse and radial components of solar sail velocity vector are derived as follows
and the magnitude of solar sail velocity is
By integrating the equation for the radial velocity, transfer time can be obtained from an initial orbit radius r 0 to a distance r
V. SPT LOGARITHMIC SPIRAL TRAJECTORIES
Since the force acting on a SPT is effected by cosα instead of squared cosine that effects the FSS, the equations of motion for a SPT can be rewritten as
Therefore the equations for radial and transverse velocity are
Finally the transfer time equation can be rederived to
VI. FSS AND SPT SIMULATION RESULTS
For a Solar Photon Thruster with configuration like in Fig 6 , the radiation is reflected back towards the parabola. In case the radiation is reflected back on the collector, it could jeopardize the integrity of the sail film and therefore reduce the life span of the collectors sail. Moreover it could result in disturbing torques; therefore the pitch angle of the controller should be adjusted so that the radiation is deflected away from the parabolic surface. For a Solar Photon Thruster elaborated by Guerman et al [6] the condition below should be met where R is radius of the collector and
where f is the focus point of the parabola and a is called the parameter of paraboloid. Assuming that = R X a the equation can be rewritten as
Based on the transfer time equations derived for a Logarithmic Spiral Trajectory, it can be seen that for a given spacecraft with a known lightness number β the transfer time between two orbits depends entirely on sail pitch angle α. This means that by finding the optimum sail pitch angle α * a minimum transfer time can be achieved. Fig 10 shows 
VII. MODIFICATION ON CHANGES OF ORBITAL PARAMETERS
In order to create minimum time trajectories in some cases, only simple maneuvers can be used. For a sail spacecraft these maneuvers can be developed using locally optimal trajectories approach manifested in a simple sail-steering laws indicated in Fig. 12 . In order to have the maximum energy gain throughout the orbit, an optimum sail cone angle should be chosen. It can be seen that the steering law requires the space craft to have a rapid 180 degree rotation once per orbit which complicates the control especially in low earth orbits however, if the sail can generate thrust on both sides this rotation is no longer required. Using the Lagrange variational equations (Appendix), the changes of orbital parameters with respect to true anomaly are expressed by (A-1) to (A-6) where the force components S, T and W are given by (A-7) to (A-9). The changes in Semi-major axis and eccentricity can lead to significant changes in trajectory and by using the steering laws, changes in inclination angle leads to improvements in earth centered orbits which could be a reliable replacement to the currently well-known rocket propulsion technique. Following locally optimal trajectories approach, other orbital parameters will be ignored, at least temporarily.
VIII. MODIFICATION ON SEMI-MAJOR AXIS AND
ECCENTRICITY CHANGES Since Semi-major axis and eccentricity both lie in the same plane, W = 0 and by using (A-1) to (A-4) and by considering the optimum sail cone and clock angle, the locally optimum trajectory can be obtained. In order to provide a suitable attitude toward sun for solar arrays or other radiation sensitive instruments on board it is necessary to have the following restriction to the sail cone angle
It can be seen that the sail cone angle will not exceed 35 degrees from sun line. This restriction will not affect the optimal trajectory since according to (33) this constraint does not alter the transfer time required to perform of certain maneuvers. Fig. 13 indicates the locally optimal steering law for the changes in the semi-major axis of a sun-centered orbit for a spacecraft with a sail lightness number of 0.0169 which corresponds to a characteristic acceleration of 0.1 mm/s 2 . The initial orbit has a semi-major axis of 1.25 AU and an eccentricity of 0.2. The changes of the eccentricity of an E-sail with a sail lightness number of 0.0506 which corresponds to a characteristic acceleration of 0.3 mm/s 2 is indicated in Fig. 14 . The initial orbit has a semi-major axis of 1.25 AU and an eccentricity of 0.2.
IX. MODIFICATION ON ORBITAL INCLINATION CHANGES
In order to optimize the inclination angle changes of an orbit, a specific steering law is required which will maximize the change in orbit inclination at all points. This steering law focuses on the out of plane component of solar radiation pressure force. The optimum sail cone and clock angle for maximizing the changes in inclination can be defines as
It is clear that the maximum rate of change would be close to the orbit nodes where cos(f+ω) = 1. By using (A-3) and (A-9) and by integrating for one orbit, the change of inclination angle per orbit is derived as 2 * * 4 cos sin
In this analysis other orbital parameters are assumed constant and the out of plane component of solar radiation pressure force is assumed to affect the orbital inclination only. Based on (31), changes in the inclination angle of an orbit only relies on sail lightness number. The changing rate of the inclination angle per orbit of the proposed sail crafts are mentioned in Table 3 . It should be noted that for each case the optimum sail cone and clock angle is considered.
X. OPTIMAL ESCAPE TRAJECTORIES
In order to maximize the rate of change in orbital energy, similar steering techniques which were used for optimizing the rate of change in semi-major axis is being utilized (Fig. 12) . Since the component of solar radiation force should be aligned with the velocity vector, the optimum sail cone angle should be used. With considering the optimum sail cone angle and by integrating the transverse acceleration and by neglecting the eclipse periods, the rate of change of semi-major axis per orbit for an optimum escape trajectory is defined as and by integrating the semi-major axis rate of change from the initial orbit to infinity we can drive the minimum escape time equation
where h is the initial altitude of the spacecraft.
For optimum escape trajectory, based on (32) it is obvious that the rate of change of the semi-major axis for an optimum escape trajectory relies mainly on the initial semi-major axis and the characteristic acceleration of the sail craft. According to (33) the optimum escape time is also dependent on the initial altitude and sail lightness number of the sail craft. Optimum escape time of the proposed sail crafts are mentioned in Table 3 . It should be noted that the initial orbit is assumed to be a geostationary orbit with an initial radius of 42241 km. In order for a sail craft to utilize this escape trajectory it should follow the steering law indicated in Fig. 12 , which requires the spacecraft to have a rapid 180 degree rotation in every orbit which could complicate the altitude control. For the case of a solar sail, if the sail is reflective on both sides then the rapid rotation is not necessary. This option, however may complicate the manufacturing process will increase the cost. On the other hand for an E-sail the rotation is not needed since it can generate thrust form both sides of the wires as long as an electric current exists in the tethers. This is a clear advantage of E-sail over a conventional solar sail. Further detail of the local optimization maneuver is elaborated in [17] .
XI. CONCLUSION
Solar Sails are a promising option for space transportation. Since they do not require propellant, the mission duration can be prolonged and mission trajectory could be modified as well. Obviously the efficiency of solar sail would be more apparent at distances closer to sun where solar radiation is intense. This means that a close solar escape trajectory could be used to accelerate the sail craft to enormous speeds. By using the sun's gravitational force and intense solar radiation which exists in close solar trajectory, major modifications can be made to interplanetary missions especially for missions to gas planets. However, there are many drawbacks to having a solar sail as the main propulsion system in a spacecraft. Manufacturing a solar sail is a costly and complicated procedure. More over one of the biggest challenges with solar sail is the on ground handling and deployment in space. As mentioned before in order to maximize the thrust force produced by a solar sail, the sail film must be extremely thin and large which makes it very vulnerable. The sail film must be manufactured, handled, wrapped around the spacecraft for launch, sustain the vibration of rocket and most challenging of all it should be deployed in space without the integrity of the sail being compromised. While preparing a solar sail for a mission, the on ground staffs have to make sure that the sail film remains as intact as possible since any damage to the sail would affect the efficiency of the solar sail and therefore the thrust. In conclusion, handling a solar sail is a challenging task and if this challenge is dealt with then the outcome would be an efficient, reliable propulsion system which does not require fuel. Several new techniques and technologies for in-space manufacturing and deployment of the solar sail pose another challenge, which to certain extent are currently addressed.
In order to investigate the dynamics of Solar Photon Thrusters, two cases were introduced and the equations of radiation pressure force acting on them were derived and their limits and drawbacks were discussed. It was concluded that the thrust generated by both SPT's has the same magnitude and opposite direction given the assumption that no radiation pressure is lost due to lack of reflectivity. Then the dynamics of a Solar Photon Thruster has been investigated in comparison to a conventional Flat Solar Sail for a Logarithmic Spiral Trajectory. According to the results it can be concluded that Solar Photon Thrusters can generate more thrust and lead to shorter transfer time. Moreover since the thrust is generated by a smaller surface, attitude control and dynamics of a SPT would be simpler compared to a FSS where the entire large reflecting surface is responsible for thrust. On the other hand, a Flat Solar Sail has the advantage of simplicity given the fact that it only consists of one flat surface which could be much easier to deploy and geometrically insured in space than a more elaborate parabolic surface. Another common problem with SPT is the elevated sail temperature on the collector's surface due to absorption of concentrated radiation. This is related to the fact that in reality a reflecting surface is not a perfect reflector and a percentage of solar photons are absorbed by the sail. Optimizations on the orbital parameters and escape trajectory using specific steering laws were introduced and the equations for the changes in the parameters were derived. Finally a case study between several conventional solar sails and two groups of E-Sail with identical characteristic acceleration was performed. Based on the equations and the table above it is clear that characteristic acceleration plays a strong role in optimization of orbital parameters as well as escape trajectory. In the case of a solar sail the only way to improve the characteristic acceleration is through increasing the area of the sail (assuming the sail is perfectly reflective). However for an E-sail, the characteristic acceleration can be modified by increasing the length of the tethers as well as increasing the electrical current in them. Assuming that the spacecraft can generate enough electrical power to meet the needs of the E-Sail, the characteristic acceleration of the sail craft can be significantly modified which is a clear advantage of E-Sail in comparison to a Solar Sail. Another advantage as mentioned before is the fact that E-Sail can generate thrust from both sides of the tethers while a conventional solar sail only has one reflective surface and having a two sided reflective solar sail would add to the manufacturing complications and the cost. On the other hand one undeniable advantage of solar sail is the fact that it does not need any power input to generate thrust which means less electrical power required from the solar arrays on board. For convenience the analysis carried out subsequently will utilize Lagrange variational equations and following development elaborated in [1] . These equations represent the rate of change of the osculating solar sail orbital elements, which are the instantaneous elliptical orbital elements when the solar sail spacecraft is jettisoned. Since the orbital elements are in general slowly changing [1] , Lagrange variational equations may be appropriate in representing the solar sail spacecraft orbital dynamics in certain cases. The instantaneous Orbital Elements in the Sun-Centered Coordinate System is depicted in Fig. A-1 . The orbit may be defined with respect to the Sun centered celestial sphere, the ecliptic plane and the first point of the Aries ϒ . The solar sail spacecraft orbit is oriented within the orbit plane and using the argument of the perihelion ω which defines the angle between N, the ascending node, and the perihelion P. The true anomaly f is polar angle of the solar sail spacecraft in the orbit plane measured from P. Using these definitions, it can be shown that the Lagrange variational equations may be written as [1] [15]:
